State-of-the-art models of the vacuum ultraviolet ͑VUV͒ absorbing properties of the atmosphere call for absorption cross sections with detail on the scale of the Doppler widths. As a consequence, spectroscopic data at resolving powers of the order of 10 6 are needed. To meet these requirements in the vacuum ultraviolet region, we have used the VUV Fourier transform spectrometer from Imperial College, London, at the synchrotron radiation facility at Photon Factory, KEK, Japan, to measure photoabsorption cross sections of NO from 195 to 160 nm, and of O 2 from 185 to 175 nm. . The rotational line strengths and the branching ratios are also presented. The band oscillator strength is obtained as f ϭ2.65ϫ10
I. INTRODUCTION
The molecular absorption processes and parameters related to the absorption of ultraviolet solar radiation in the terrestrial middle atmosphere have been discussed by a number of authors. [1] [2] [3] [4] In the spectral region 175-205 nm, the penetration of solar radiation into the atmosphere is controlled by the absorption cross sections of the SchumannRunge ͑S-R͒ bands of O 2 . Part of the radiation transmitted in this vacuum ultraviolet ͑VUV͒ wavelength region is available to photodissociate NO, which has a number of strong bands there with very narrow lines. 5, 6 For accurate modeling of this important process, the computations involving O 2 and NO must be performed on a line-by-line basis; laboratorymeasured photoabsorption cross sections, with resolution sufficient to yield true cross sections ͑i.e., undegraded by instrumental effects͒, are required for both molecules. For most of the S-R bands of 16 O 2 and its important isotopic variants, such measurements have been successfully completed at the Center for Astrophysics. [7] [8] [9] In order to improve further our understanding of the important NO photodestruction process, [10] [11] [12] [13] [14] similar measurements of band oscillator strengths and predissociation linewidths of some band systems of NO are needed. Hart and Bourne 15 have reported much larger linewidths for the ␦͑1,0͒
band than those by Frederick and Hudson. 11 Such differences and uncertainties in the oscillator strengths and predissociation widths have been found to have a significant impact on the uncertainties of the effects of NO opacity and, consequently, on the photolysis rate. 14 Until our recent work, 16 all previous quantitative photoabsorption measurements of these NO bands [17] [18] [19] have been performed at insufficient spectroscopic resolution. Published integrated cross sections in some cases differ by more than 50%; the differences could indicate that some of the measurements were plagued by saturation, which is very difficult to detect when linewidths are much narrower than the instrument widths. 20 Because the band oscillator strengths and predissociation linewidths of the bands of NO have not been directly measured with sufficient resolution, line-by-line calculations of the aeronomic dissociation of NO 12 rely on assumptions, of unknown and differing reliability, about possibly problematic molecular data.
We recently used one of the Fourier transform ͑FT͒ spectrometers at Imperial College, London, ͑IC͒ to measure the absorption cross sections of the ␦͑0,0͒ and ␤͑7,0͒ bands of NO in the region 195-183 nm with a resolution of 0.06 cm
Ϫ1
. 16 A positive-column hydrogen-discharge at high current (ϳ500 mA) was used for a background continuum, with a stigmatic 0.3 m Czerny-Turner spectrometer a͒ Electronic mail: kyoshino@cfa.harvard.edu b͒ Present address: HSRC, Hiroshima University, Hiroshima 739, Japan.
͑McPherson model 218͒ to limit the bandwidth from 1 to 2 nm. A signal-to-noise (S/N) ratio of 25 was achieved by co-adding up to 128 runs.
Based on these previous experiences, the extension of FT spectrometry ͑FTS͒ further into the VUV region requires an efficient spectrometer, a strong and stable continuum source, and a zero dispersion monochromator. This combination was realized by taking the IC VUV FT spectrometer equipped with a beam splitter made from a single crystal of MgF 2 21 to the synchrotron radiation source at Photon Factory, KEK, Japan, where a suitable zero dispersion twograting predisperser is available on beam line 12-B of the synchrotron radiation source. We have used this combination of facilities to make ultra high resolution cross-section measurements of NO and O 2 bands in the wavelength region 195-160 nm. This paper presents the analysis of the ␤͑9,0͒ (B 2 ⌸ r -X 2 ⌸ r ) band of NO.
II. EXPERIMENT

A. VUV FT spectrometers at Imperial College
No Fourier transform spectroscopy had been performed at VUV wavelengths until 1985, when the first laboratory instrument designed specifically for this region was developed and used at Imperial College. 22 This VUV FT spectrometer and a commercial version of it manufactured by Chelsea Instruments Ltd. ͑London͒, equipped with beam splitters made from fused silica have been used to obtain VUV spectra of emission lines with a resolving power of up to 1.8ϫ10 6 ͑resolution limit 0.03 cm
Ϫ1
). The FT spectrometers are compact (lϫwϫhϷ1.5 mϫ0.3 mϫ0.3 m) and are designed to be movable. To extend the wavelength range further into the VUV, some improvements were made to the interferometer and a new beam splitter made from a single crystal of MgF 2 21 was installed. This beam splitter was fabricated by B. Halle Nachfl GmbH & Co. ͑Berlin͒ to match the fused silica beam splitter and was coated by Acton Research ͑Acton, MA͒ for optimum transmission and reflectivity in the VUV. The instrument has been used to record emission spectra down to ϳ139 nm.
B. The 12-B beam line at the Photon Factory with FT spectrometer
The 12-B beam line of the photon factory has been used with the double grating, zero-dispersion, predisperser and the 6.65 m off-plane Eagle spectrometer. 23 After reflection by the water-cooled, x-ray cutoff, plane mirror ͑M͒ radiation from the storage ring hits the first grating (G 1 ) ͑see Fig. 1͒ . Radiation of only the desired wavelength region is permitted to pass through the intermediate slit (S 1 ). The filtered radiation is counter-dispersed by G 2 /M 2 onto the main entrance slit (S 2 ) of the 6.65 m spectrometer, with an approximate image size of 0.1ϫ20 mm.
In our application of the FT spectrometer, a cylindrical mirror ͑C͒ was placed right after grating G 2 to reflect radiation by 90°horizontally. The entrance aperture of the FT spectrometer was placed at the position of vertical focus of synchrotron radiation. The cylindrical mirror horizontally focused the radiation to a 2 mm spot at the same place. The entrance aperture was set at 1.5 mm diam for all runs except for the shortest wavelength band, when a 2 mm aperture was used to match the lower resolution used in that run.
The absorption cell ͑A͒ was placed between the cylindrical mirror chamber and the FT spectrometer. The optical path lengths could be varied from 0.2 to 8 cm. NO pressure was measured with a capacitance manometer ͑MKS Baratron͒ in the range of 0.1 to 1 Torr, corresponding to column densities of 2.9ϫ10 15 to 2.2ϫ10 17 mol cm
Ϫ2
. The bandwidth controlled by the predisperser was fixed at 2.0 nm. A total of 18 data files was obtained for NO measurements in the wavelength region 198-160 nm. They are summarized in Table I . S/N ratios of from 30 to 97 in the background continuum were obtained, depending on the spectral region and the number of co-added interferograms-typically, about 300, representing a total integration time of about 14 h. 
III. THE ␤ "9,0… BAND OF NO
A small amount of NO, purified by the method of fractional distillation, was kept at 78 K in a liquid-nitrogen cooled trap. The NO gas was introduced into the absorption cell at a pressure of 0.40 Torr with an optical path length of 7.54 cm corresponding to a column density of 9.87 ϫ10 16 mol cm
Ϫ2
. In this case we co-added 116 scans, corresponding to about five and a half hours integration time, with spectral resolution of 0.06 cm
Ϫ1
. The S/N ratio in the continuum background was 57.
A. Fitting of the FTS data
The transmission spectra were converted to optical depth by taking the logarithms of the intensity and fitting a smooth continuum to the regions between the lines. The absorption lines were fitted to Voigt profiles using the spectral reduction routine GREMLIN. 24 Line parameters are determined through a nonlinear least-squares iterative procedure.
The Voigt profile for the NO lines is a convolution of a Gaussian due to Doppler broadening and a Lorentzian arising from predissociation. In this case the calculated Doppler width is 0.12 cm
Ϫ1
, and the instrumental width for spectra taken at 0.06 cm Ϫ1 resolution should make a negligible contribution to the overall linewidths. However, the lines proved to be unexpectedly wide, and the Gaussian component of the best fit Voigt function had a ͑full width at half maximum͒ FWHM of 0.175 cm Ϫ1 significantly greater than the 0.12 cm Ϫ1 expected. Clamping the Doppler width at the expected value gave a worse fit to the line profiles. We do not believe that the anomalous widths can be accounted for by some unexpected ͑and inherently improbable͒ degradation of the intrinsic instrumental resolution by a factor of 3 because there is no sign of the ''ringing'' that should be associated with such significant under-resolution. In the case of the O 2 bands also recorded at photon factory, we have compared our linewidths with those obtained by laser absorption spectroscopy at Australian National University, Canberra and found a similar anomaly. 25 We believe the problem may be due to drifts in alignment causing very small wave number shifts over the long observation periods, which were typically double the integration time and extended over two days.
B. Wavelength calibration
As discussed in a previous paper, 26 at least one reference wave number is needed for absolute calibration. Mercury vapor was an impurity in the FT spectrometer, and enough was present for the resonance line of Hg I at 184.9 nm to appear in our absorption spectra ͑see the bottom spectrum of Fig. 2͒ . The structure of this line ͑a mixture of isotope shifts and hyperfine structure splitting͒ is not resolved in our spectra. However, the line can be synthesized by combining the absolute wave number of the 198 Hg component, 54 068.9025 cm Ϫ1 measured by Kaufman 27 with the isotope and hyperfine structure shifts measured by Lecler. 28 The synthesized line convolved with the Doppler and instrumental widths, can then be fitted to the measured line to give the required calibration wave number shift. When this procedure was followed with the Hg 253.7 nm line for wave number calibration of the Herzberg bands, 26 the fit of the synthesized and observed profiles was excellent. In the present case the fit is less satisfactory. Nevertheless, the uncertainty in the calibration is estimated to be only Ϯ0.005 cm
Ϫ1
. It should be noted that in this method of internal calibration any wave number shifts of the type mentioned in the last section are automatically allowed for.
C. Analysis of the ␤"9,0… band
The ␤͑9,0͒ band is presented at the top of Fig. 2 , and a portion of the spectrum is expanded below it to show the detail of rotational structure. We observed 117 lines and all lines are assigned to the six branches as listed in Table II 29 did not observe the ⌳-type doubling in their ␤͑9,0͒ band of NO. As shown in Table II , we have separated the ⌳-type doubling in the R 11 (J) and P 11 (J) lines with J у10.5 and 12.5, respectively. Some of these separations are also seen for the R 11 branch lines in the bottom of Fig. 2 . All the observed wave numbers were compared with those of Lagerqvist and Miescher, 29 and the differences in wave numbers are plotted in Fig. 3 . Differences of the lines separated by ⌳-type doubling were compared with those of the unseparated lines, and are presented by open circles and squares in the figure. We also noticed a few extra lines located close to the R 11 and P 11 lines with Jϭ5.5, 6.5, and 7.5, and Jϭ7.5, 8.5, and 9.5, respectively. They are listed in the bottom of Table II . We will discuss the extra lines later.
D. The rotational term values of the B"9… level
The rotational term values of the ϭ9 level of the B 2 ⌸ r ͓B(9)͔ can be obtained by adding the term values of the X(0) level to the wave numbers of the observed lines. The rotational term values of the X(0) level relative to the level ⍀ϭ 1 2 , Jϭ0.5, e are given by Amiot et al. 30 The averaged term values obtained from branch lines are listed in Table III with the estimated error bar. Only F 1 (J) levels with Jϭ11.5-24.5 are obtained from the observation in the separate e and f components. We have assumed that the f component has the higher energy, based on the separation in the ground state, but there is no internal evidence to back this assumption.
The effective Hamiltonian operator, suitable for the description of the 2 ⌸ states, can be found in Hougen 31 and Zare et al. 32 The matrix elements used in this work for the calculation of rotational energy levels are the same as those in Amiot et al. 33 and Stark et al. 34 The parameters included in the description of the 2 ⌸ state are: The band origin T 0 ; the rotational parameters B, and D; the spin-orbit parameters A and A D ; and the ⌳-doubling parameters p and q. In our analysis, we have performed least-squares fittings to the rovibronic term values. The term values corresponding to J numbering around Jϭ6.5-9.5 were not included in the fit because a small perturbation has been detected. Table III summarized the molecular constants obtained for the ϭ9 level of the B 2 ⌸ state.
E. The rotational and band oscillator strengths of the ␤"9,0… band As mentioned in Sec. III A, the absorption lines are fitted to Voigt profiles while the Gaussian contribution is kept constant as 0.175 cm
Ϫ1
. The fitting procedure provides integrated cross sections as well as line positions. These are independent of the anomalous widths, provided that the residuals from the fit are down at the noise level. The results of the integrated cross sections of lines are presented in Table  IV Table IV can be divided by the fractional population of the rotational level to obtain values proportional to the line oscillator strengths. The strengths of the branches are obtained by adding the integrated cross sections of all rotational lines in the branch. These are listed at the bottom line of Table IV. The errors for the integrated cross sections can be obtained from the noise level, which in FT spectroscopy is virtually constant throughout the spectrum. Typically this translates into an uncertainty for a single point in the cross section of Ϯ4ϫ10 Ϫ19 cm 2 ͑see Fig. 3͒ for lines that are on the linear part of the curve of growth; the uncertainty for partly saturated lines is rather greater. The standard deviation for a strong unblended line of integrated cross section 5 ϫ10 Ϫ18 cm 2 cm Ϫ1 is 4.5%. A conservative allowance for the small random error in pressure, temperature, and path length gives a maximum random error of Ϯ5%. For weak lines, the spectral noise dominates all other contributions, and the error on a single line may rise to Ϯ10%. Errors in the band oscillator strengths obtained by integration over all lines in the 17 Our value is the smallest, but is the only measurement to be done by a line by line measurement with a resolution comparable with the Doppler widths. Because Chan et al. could not separate the the ␤͑9,0͒ band from the ␦͑1,0͒ and the ⑀͑0,0͒ band, it is possible that their blended measurements led to an over estimate of the band oscillator strength.
IV. SUMMARY
This work provides the first absorption measurements of the ␤͑9,0͒ band of NO free of problems arising from inadequate spectral resolution. It is also the first report of absorption measurements of the NO bands performed by the combination of a VUV FT spectrometer and a synchrotron radiation source. The measurements obtained for the other NO bands summarized in Table I will be reported on later. Discussion of the perturbation in the vibronic levels and the band oscillator strengths will be given after the entire analyses of the NO bands is completed. 
